The diverse and species-rich order Ericales has found considerable interest among systematists in recent years. Molecular phylogenetic studies not only have convincingly demonstrated the monophyly of the order, comprising 23 families formerly placed in three different subclasses (Asteridae, Dilleniidae, and Rosidae), but have also resolved Ericales as sister to euasterids. Most ericalean families are well circumscribed and have been or are currently subject to intrafamilial phylogenetic studies. In spite of all the attention that Ericales have received recently, there remains a major challenge, the still largely unresolved deeper nodes in the ericalean phylogeny. This study aims to improve our current knowledge of the interfamilial relationships by expanding on gene and taxon sampling and to evaluate the evolution of important floral characters in light of the resulting phylogeny. We add a nuclear region (26s rDNA) to already published data sets (nuclear: 18s rDNA; mitochondrial: atp1, matR; chloroplast: atpB, ndhF, rbcL, matK, the rps16 intron, the trnT-trnF spacer, and the trnV-atpE spacer), for a total of 11 molecular markers that include nearly 20 kb of sequences. Our analyses, applying both maximum parsimony and Bayesian inference, resolve some of the deeper nodes in the phylogeny. Strongly supported groups, previously unrecognized or only weakly supported, include (1) a clade comprising all families except Balsaminaceae, Tetrameristaceae, Marcgraviaceae, Fouquieriaceae, Polemoniaceae, and Lecythidaceae; (2) a clade with Sapotaceae, Ebenaceae, and the primuloid families; (3) a clade with Symplocaceae, Styracaceae, and Diapensiaceae; and (4) a clade comprising the latter three families plus Theaceae, Roridulaceae, Actinidiaceae, Sarraceniaceae, Clethraceae, Cyrillaceae, and Ericaceae. At an analytical level, our results indicate that more data in the form of additional markers do improve resolution and branch support and should eventually lead to a fully resolved ericalean phylogeny. At the level of floral evolution, we demonstrate that sympetaly is a homoplasious character in the order, that a diplostemonous floral ground plan likely arose from haplostemonous flowers in Ericales, and that the combination of ovules with a single integument and cellular endosperm formation is characteristic for two of the major clades in the order.
Introduction
The 23 families of the asterid order Ericales sensu APG II (2003) comprise 353 genera with more than 11,000 species (Stevens 2003) . They display a considerable diversity in floral organization and embryological features, including actinomorphy and zygomorphy, choripetaly and sympetaly, isomery and polymery in the androecium, unitegmic and bitegmic ovules, as well as nuclear and cellular endosperm formation.
The individual families are generally well circumscribed and easily recognized on the basis of morphological features. In contrast, there are no clear-cut morphological synapomorphies supporting the monophyly of the order as a whole. The only feature shared by all investigated species is tenuinucellate ovules, but this is characteristic of asterids in general.
The lack of unifying morphological features is reflected in premolecular classification systems (Dahlgren 1980; Cronquist 1981; Thorne 1992; Takhtajan 1997) in which the families now included in the Ericales were not placed together or even close to each other. In the classification system of Cronquist (1981) , the 23 families were scattered in 11 orders, the majority of which were referred to the Dilleniidae, two tothe Rosidae (Balsaminaceae, Roridulaceae), and one to the Asteridae (Polemoniaceae).
The systematic position of the Ericales in the Asteridae and the monophyly of the order have been strongly supported by a series of molecular phylogenetic studies Soltis et al. 2000; Albach et al. 2001c; Bremer et al. 2002) . It is now widely agreed that Ericales consists of one of the four major lineages in the Asteridae; the other three are the Cornales, euasterids I, and euasterids II. Bremer et al. (2002) analyzed sequences for three genes and three noncoding regions for representatives of almost all asterid families and found strong statistical support for Cornales's being sister to all other asterids and Ericales's being sister to a clade comprising euasterids I and II. Other studies addressing the relationships among these four lineages yielded contradictory results (Olmstead et al. 2000; Soltis et al. 2000; Albach et al. 2001c; Hilu et al. 2003) . However, none of these studies was as comprehensive as the Bremer et al. (2002) study regarding either taxon sampling or the number of markers. Also, support values for the groupings found in these studies are generally low.
Considerable efforts have also been undertaken to disentangle interfamilial relationships in the Ericales, and recent studies comprising representatives of all Bremer et al. 2002) or a subset of the families Albach et al. 2001c; Geuten et al. 2004 ) have revealed a number of well-supported clades. However, such clades rarely encompass more than two or three families, and most of the deeper nodes in the phylogeny received low support, remained unresolved, and differed widely among studies.
Most of the ericalean families have been examined in greater detail with molecular data: Balsaminaceae (Yuan et al. 2004 ), Clethraceae and Cyrillaceae (Anderberg and Zhang 2002) , Ericaceae (Kron and Chase 1993; Kron 1996 Kron , 1997 Kron et al. 2002a Kron et al. , 2002b Li et al. 2002) , Diapensiaceae (Rö nblom and Anderberg 2002), Fouquieriaceae (Schultheis and Baldwin 1999) , Lecythidaceae (Morton et al. 1997) , Marcgraviaceae (Ward and Price 2002) , Polemoniaceae (Johnson et al. 1996; Porter 1996; Porter and Johnson 1998; Prather et al. 2000) , Primulaceae (Mast et al. 2001; Trift et al. 2002; Martins et al. 2003) , Sapotaceae (Anderberg and Swenson 2003) , Sarraceniaceae (Bayer et al. 1996) , Styracaceae (Fritsch et al. 2001 ), Theaceae (Prince and Parks 2001) , and Theophrastaceae (Källersjö and Ståhl 2003) .
With this study, we add new taxa and sequences from a nuclear region (26s rDNA) to already published data sets, for a total of 11 molecular markers including nearly 20 kb of sequences and sampling all three plant genomes. The 11 markers include two nuclear genes (18s rDNA and 26s rDNA), two mitochondrial genes (atp1 and matR), and seven chloroplast regions (the atpB, ndhF, rbcL, and matK genes; the rps16 intron; and the intergenic spacers between trnT and trnF and between trnV and atpE). In addition to producing an entirely new data set (26s rDNA), we add numerous new DNA sequences to already published data sets.
The main goals of this study are (1) to improve phylogenetic resolution in the major polytomy of Ericales, (2) to test the monophyly of clades that have been found in earlier molecular studies based on smaller data sets, and (3) to evaluate the evolution of important floral characters in the Ericales. A better understanding of the ericalean phylogeny is essential for several reasons. The Ericales, as outlined above, are a species-rich and biologically extremely diverse group of plants. Several important morphological features, such as floral zygomorphy, sympetaly, isomery in the androecium, and unitegmic ovules, which are characteristic for the euasterids or large clades therein, are not constant in the Ericales. This and the position of Ericales as the sister to the euasterids make a better understanding of the interfamilial relationships in Ericales especially desirable. As such, a phylogeny would not only be helpful for understanding morphological evolution in the order itself but might also shed light on the evolutionary history of the asterids as a whole.
Material and Methods

Data Sets and Taxon Sampling
The sampling strategy for the 26s rDNA data set was to match, as closely as possible, that of the five-gene data set of , in order to be able to combine the data sets. The original data set from included one to several representatives of all the ericalean families recognized by APG II (2003) . Taxon sampling is somewhat denser than in the study by , namely, in Fouquieriaceae (Fouquieria), Polemoniaceae (Acanthogilia, Cantua), and Tetrameristaceae (Pentamerista). used Cornus (Cornaceae) as the outgroup for their analysis of Ericales. Considering that the euasterids now are strongly supported to be sister to the Ericales (jackknife ½JK ¼ 98%; Bremer et al. 2002) , we included two taxa from the euasterids, Garryaceae (Aucuba) and Aquifoliaceae (Ilex), representing euasterids I and euasterids II, respectively. Besides Cornus, we added another taxon from the Cornales, Hydrangea sp. (Hydrangeaceae), to serve as a monophyletic outgroup for Ericales and euasterids. All new sequences have been submitted to GenBank.
In total, we produced 141 new sequences, 58 of which were for the 26s data set and between 11 and 22 for each of the five markers from the study (see  table 1 for taxa, voucher information, and GenBank numbers). An additional five-marker data set was assembled entirely from published sequences, including a nuclear marker (18s rDNA), a chloroplast gene (matK), and three chloroplast noncoding regions (the rps16 intron and the trnT-trnF and trnV-atpE intergenic spacers). The majority of these sequences are from the Bremer et al. (2002) asterid-wide study. Taxon sampling of this five-marker data set overlaps with the six-marker data set described above but generally comprises only one representative from each family.
Taxon sampling is not fully congruent at the species level among the data sets because, in some cases, we combined the sequences of several species of the same genus . This approach has been followed widely in multigene studies (Albach et al. 2001c; Bremer et al. 2002; Geuten et al. 2004) and is justifiable under the assumption that the genus, from which the species are chosen, is monophyletic.
DNA Extraction, Amplification, and Sequencing
We extracted total genomic DNA from silica-dried leaf samples, using DNeasy Plant Mini Kits (Qiagen, Valencia, CA) or following the sodium dodecyl sulfate extraction protocol (Eichenberger et al. 2000) . We amplified the entire 26s rDNA (ca. 3300 bp) by single polymerase chain reaction (PCR), using the N-nc26S1 and 3331rev primers by Kuzoff et al. (1998) for about half of the taxa. For the remaining ones, we amplified the whole region in two overlapping parts, using the internal primers N-nc-26S7 and 1499rev (Kuzoff et al. 1998) together with the peripheral primers. A variety of combinations of the 26s primers given in Kuzoff et al. (1998) were used for cycle sequencing. Primers used for PCR and sequencing of matR and atp1 were those of ; primers for ndhF were those listed by Källersjö et al. (2000) ; primers for atpB were from Hoot et al. (1995) ; and 266 primers for rbcL were from Olmstead et al. (1992) and Anderberg et al. (1998) . We cleaned PCR products using Ampure magnetic particles (Agencourt Bioscience, Beverly, MA). Standard cycle-sequencing techniques were used to sequence double-stranded DNA. Cycle-sequencing products were cleaned using CleanSEQ magnetic particles (Agencourt Biosience). Sequences were generated on an Applied Biosystems 3730XL DNA capillary sequencer.
Phylogenetic Analyses
We edited and assembled complementary strands in Sequencher, version 3.0 (Gene Codes, Ann Arbor, MI), which was also used to produce initial alignments for the various markers. Alignments were finalized by eye using Se-Al, version 2.0a6 (Rambaut 1996) . Areas of ambiguous alignment and poly-n strings of differing lengths (only present in noncoding chloroplast regions) were omitted from all further analyses.
Phylogenetic analyses were performed using the maximum parsimony (MP) optimization as implemented in the software PAUP* (phylogenetic analyses using parsimony), version 4.0b10 (Swofford 2000) , as well as Bayesian inference of phylogeny using the software program MrBayes, version 3.0b4 (Huelsenbeck and Ronquist 2001a) . Each of the 11 individual data sets was analyzed separately and in various combinations (table 2) . Individual markers and combined nuclear, chloroplast, and mitochondrial markers were analyzed using MP only; the full 11-marker data set was analyzed with both MP and Bayesian analysis (BA). To test for possible effects of the relatively large number of missing data in the 11-marker data set, we also analyzed the 11-marker data set with a reduced taxon sampling (31 instead of 63 taxa), more or less matching the sampling of the five-marker data set described above. In addition, we analyzed our new data set (26s rDNA) together with the five-gene data set of . Both of these data sets were analyzed with MP as well as BA.
For MP analyses, all characters and character state transitions were weighted equally (Fitch 1971) . Gaps were coded as missing characters. We applied 100 random taxon addition sequences with tree bisection reconnection (TBR) branch swapping, keeping all most parsimonious trees and the steepest descent to each heuristic search. In cases where searches did not run to completion under the described conditions because of an excessive number of most parsimonious trees, we applied the following search strategy: an initial search of 100 random addition replicates with 100 trees saved per replicate; the resulting consensus tree was used as a backbone constraint to search for trees not consistent with the initial trees. This strategy ensures that there are no shorter trees and that the strict consensus tree reflects all most parsimonious trees, even if not all trees of equal lengths have been found (Catalá n et al. 1997; Davis et al. 2001; Hall et al. 2002) . Relative support for the different clades was estimated using the bootstrap (Felsenstein 1985) option in PAUP*, employing a full heuristic search with 500 or 1000 replicates, a simple addition sequence, and TBR branch swapping.
In BA, a phylogeny is inferred on the basis of posterior probabilities of phylogenetic trees (Huelsenbeck and Ronquist 2001b) . The software program MrBayes uses the Markov chain Monte Carlo (MCMC) algorithm to approximate these posterior probabilities (Huelsenbeck and Ronquist 2001a) . Models for nucleotide substitution for use in BA (table 2) were evaluated for the combined data sets using ModelTest, version 3.06 (Posada and Crandall 1998) . The data sets were partitioned by marker and codon position (for coding regions). In addition to the substitution model, we set priors that allowed for site-specific rates, partition-specific base frequencies, and partition-specific substitution rates for coding markers (first and second codon position different from third). Posterior probabilities were approximated in an initial search of more than 1 million generations via four simultaneous MCMC chains, with every hundredth tree saved. Default values were used for MCMC parameters. Of the resulting 10,000 trees, the first 2000 (burn-in) were discarded. The remaining 8000 trees were summarized in a majority-rule consensus tree, yielding the probabilities of each clade's being monophyletic. For each data set, we conducted four additional runs with identical settings but different random-starting trees. This strategy should ensure that the MCMC chains begin to explore the total tree space from different starting points in each run and is therefore a much more thorough way to explore total tree space than conducting a single run only.
We did not incorporate indel characters into any of our analyses because we were mainly interested in interfamilial relationships, and we found few unambiguously alignable indels that are informative at that level, except for the clade including Balsaminaceae, Marcgraviaceae, and Tetrameristaceae and the clade of primuloid families. Both of these clades are strongly supported on the basis of nucleotide data alone, and the coding of indel characters would most likely not have improved the resulting phylogeny, in terms of either branch support or resolution. Further, it is not possible yet to combine nucleotide and indel characters under maximum likelihood or Bayesian analyses.
Character State Mapping
We used MacClade 4.0 (Maddison and Maddison 2000) to explore character evolution and mapped selected characters onto the simplified family-level tree topology obtained from the combined 11-marker, 63-taxa BA. This tree only shows nodes with 1.0 posterior probability and is not fully resolved. We chose this tree over one of the fully resolved MP trees or the fully resolved Bayesian tree because we believe that when reconstructing character evolution it is important to use only strongly supported relationships, even if it means that character reconstructions are impossible or ambiguous in some parts of the tree. Using fully resolved but weakly supported topologies is potentially misleading. When reconstructing character evolution, we used the ''soft polytomy'' option in MacClade, which assumes the polytomy to represent uncertainty rather than multiple speciation (hard polytomy). Accordingly, the program reconstructs character evolution on all possible dichotomous resolutions and chooses the most parsimonious one for the character in question. As an example, corolla structure ( fig. 3A) , the polytomy including Polemoniaceae/Fouquieriaceae, Lecythidaceae, and the large clade with most of the remaining families can be resolved in three ways that result in different tree lengths: (1) Lecythidaceae sister to Polemoniaceae/Fouquieriaceae, four steps; (2) 267 Lecythidaceae sister to the large clade, four steps; and (3) Lecythidaceae sister to the large clade plus Polemoniaceae/ Fouquieriaceae, three steps. Because corolla structure can be reconstructed most parsimoniously on this latter topology (three instead of four steps), it is favored by MacClade. Characters were scored on the basis of general literature, such as Davis (1966) and Cronquist (1981) , and, whenever feasible, on original articles. In a few cases, our character scoring differs from that in earlier articles (Hufford 1992; Nandi et al. 1998 ) because of obvious errors, because family circumscriptions have changed (Cyrillaceae/Clethraceae), or because recent phylogenies permit the reconstruction of the plesiomorphic character state at the family level (number of integuments in Styracaceae). Characters analyzed include corolla structure, androecium organization, integument number, and type of endosperm formation.
Results
Data Set Characteristics
The combined 11-marker data set comprised 19,768 aligned positions (5110 nuclear; 11,857 chloroplast; 2801 mitochondrial). Of these, 6617 positions were variable and 3914 were parsimony informative (see table 2 for characteristics for individual markers and other combined data sets).
Parsimony Analyses
Individual MP analyses of each of the 11 markers (trees not shown; tree statistics in table 3) generally support individual families in the ingroup but fail to resolve any interfamilial relationships, with the notable exceptions of the clade comprising Balsaminaceae, Marcgraviaceae, and Tetrameristaceae (including Pellicieraceae) and the clade containing Maesaceae, Theophrastaceae, Primulaceae, and Myrsinaceae, which are supported by most individual markers. The only markers that support (bootstrap ½BS > 80%) any additional interfamilial relationships are matK and ndhF. Data from matK support Actinidiaceae as sister to Roridulaceae (BS ¼ 94%); Actinidiaceae, Roridulaceae, and Sarraceniaceae as sister to Clethraceae, Cyrillaceae, and Ericaceae (BS ¼ 88%); and Diapensiaceae as sister to Styracaceae (BS ¼ 88%). Analysis of ndhF supports Balsaminaceae as sister to Tetrameristaceae (BS ¼ 89%). There are no strongly supported conflicting relationships among the 11 individual data sets, with the exception of the anomalous positions of MP analyses of the combined nuclear markers (26s and 18s rDNA; trees not shown) and the combined mitochondrial markers (atp1 and matR; trees not shown) generally find stronger support for the same groups that are also supported by the individual data sets but fail to find any additional clades with strong support. MP analysis of the combined chloroplast markers (atpB, ndhF, matK, rbcL, rps16, trnT-trnF, trnV-atpE; trees not shown) supports almost all families sensu APG II (2003) as monophyletic with bootstrap support of 87% or higher. The only exception is Pentaphylacaceae (sensu APG II 2003, including Ternstroemiaceae and Sladeniaceae), because Sladenia and Ficalhoa remain unresolved. In addition, chloroplast data support the following monophyletic groups comprising more than one family with bootstrap support of 80% or higher: Balsaminaceae as sister to Tetrameristaceae (BS ¼ 90%) and this whole clade as sister to Marcgraviaceae (BS ¼ 100%); Fouquieriaceae as sister to Polemoniaceae (BS ¼ 88%); Diapensiaceae as sister to Styracaceae (BS ¼ 87%); Maesaceae as sister to the other three primuloid families and Theophrastaceae as sister to Primulaceae and Myrsinaceae (all nodes BS ¼ 100%); Actinidiaceae as sister to Roridulaceae (BS ¼ 100%) and this clade as sister to Sarraceniaceae (BS ¼ 88%); Cyrillaceae as sister to Ericaceae (BS ¼ 97%) and this clade as sister to Clethraceae (BS ¼ 100%). The latter clade is sister to the clade comprising Actinidiaceae, Roridulaceae, and Sarraceniaceae (BS ¼ 99%). The clade comprising Balsaminaceae, Marcgraviaceae, and Tetrameristaceae is resolved as sister to the rest of the ingroup (BS ¼ 100%). In summary, MP analyses of combined nuclear, chloroplast, and mitochondrial markers all support individual families sensu APG II (2003); deeper nodes remain largely unresolved, and only few interfamilial relationships are supported. The only topological conflict concerns the position of Balsaminaceae, which is resolved as sister to Marcgraviaceae by the mitochondrial data set (BS ¼ 96%) and as sister to Tetrameristaceae by the chloroplast data set (BS ¼ 90%).
MP analysis of the combined 11-marker data sets produced 55 trees of length 17,816 (consistency index ¼ 0:52, retention index ¼ 0:54). The resulting consensus tree ( fig. 1B ) is largely consistent with the results from the various analyses of individual markers or partial data sets. Strongly supported monophyletic groups not consistently found in MP analyses of partial data sets include Fouquieriaceae as sister to Polemoniaceae (BS ¼ 100%); Ebenaceae as sister to Maesaceae, Theophrastaceae, Primulaceae, and Myrsinaceae (BS ¼ 90%); and Symplocaceae as sister to Styracaceae and Diapensiaceae (BS ¼ 100%). Most of the deeper nodes remain unresolved.
Bayesian Analyses
For each of the three data sets, GTR þ I þ G (general time reversible model allowing for a proportion of invariant sites with the rest having rates drawn from a g distribution) turned out to be the best-fitting model (table 2). The five individual runs with different random starting trees yielded identical topologies in each case. The topology resulting from the combined 11-marker, 63-taxa data set ( fig. 1A ) is fully consistent with the topology based on the parsimony analysis ( fig. 1B) . To facilitate discussion, we have numbered major clades I through VII. The main difference between the MP tree ( fig. 1B ) and the BA topology ( fig. 1A) is that the latter is better resolved, having four strongly supported (posterior probabilities ½PP ¼ 1:0) nodes that are not present in the strict consensus MP tree (stars, fig. 1A ). These include clade VII and two large groups within it (i.e., a clade with the primuloids, Ebenaceae, and Sapotaceae [clade III]) and as a clade comprising all the families in clade VII except for Pentaphylacaceae (clade VI). The fourth node that is not present in the MP topology resolves Acanthogilia as sister to the remaining members of the Polemoniaceae. The positions of Balsaminaceae, Lecythidaceae, Pentaphylacaceae, and Theaceae are not fully resolved in the combined BA. Balsaminaceae are either sister to Tetrameristaceae, as favored by chloroplast data (PP ¼ 1:0), or sister to Marcgraviaceae, as favored by mitochondrial data (PP ¼ 1:0). Lecythidaceae are resolved as one of the earliest diverging lineages in Ericales, either as the second-or third-branching lineage or as sister to Fouquieriaceae/Polemoniaceae. However, none of these three possibilities is strongly supported in any of the analyses. Pentaphylacaceae are members of clade VII and could be resolved either as sister to the rest of the clade, as sister to clade III, or as sister to clade VI. None of these three alternative positions is supported in any of the analyses. Finally, Theaceae are strongly supported as part of clade VI (PP ¼ 1:0), and possible alternative positions include Theaceae as sister to the remaining members of clade VI or as sister to The resulting family-level topology from the 11-marker data set with a reduced taxon sampling ( fig. 2B , 31 terminals, 6.6% missing data; table 2) is fully consistent with the topology based on the 63-taxa data set ( fig. 2A, 24 .4% missing data), with the only difference being two nodes (Actinidiaceae sister to Roridulaceae and Symplocaceae sister to Styracaceae/ Diapensiaceae) that did not obtain full support from the BA (everything with PP < 1:0 is collapsed in the figures). The analysis of the data set combining 26s rDNA and the five genes from (fig. 2C, 63 terminals, 7.4% missing data) is also consistent with the topology based on the full data set but shows even fewer fully supported clades.
Character Evolution
Mapping corolla structure (sympetaly vs. choripetaly) onto the BA phylogeny ( fig. 3A) indicates that choripetaly is plesiomorphic in the Ericales (but see ''Discussion'') and that sympetaly is plesiomorphic for at least clade VII ( fig. 3A) . Clades II, III, and IV are uniformly sympetalous. Other clades and even individual families are dimorphic for this character (e.g., clade V, Marcgraviaceae, and Actinidiaceae). An androecium with the stamens arranged in a single whorl (haplostemony or polyandry based on a haplostemonous organization) is plesiomorphic in the Ericales, and androecia with two whorls (diplostemony or polyandry based on a diplostemonous organization) may have evolved along the branch leading to clade VII ( fig. 3B ). Bitegmic ovules are plesiomorphic in Ericales ( fig. 3C) , and the change to unitegmic ovules occurred at least three times in the order, once in Polemoniaceae, once in Sapotaceae, and once or twice in clade VI. Cellular endosperm formation is likely to be plesiomorphic for the order ( fig. 3D) , and the switch to nuclear endosperm formation occurred after the divergence of clade I. Because of the lack of resolution in the BA phylogeny, it is unclear how many times reversals back to cellular endosperm formation occurred, but it could be just once or as many as three times. Fig. 2 Comparison of family-level topologies based on Bayesian inference of phylogeny of data sets with different levels of missing data and taxon sampling (table 2). All branches have a posterior probability of 1.0. Major clades referred to in the text are numbered I-VII. A, Topology resulting from analysis of the combined 11-marker data set with 63 terminal taxa (simplified, family-level tree based on the Bayesian topology in fig. 1A) ; amount of missing data is 24.4%. B, Topology resulting from analysis of the combined 11-marker data set with taxon sampling reduced to 31 taxa; amount of missing data is 6.6%. C, Topology resulting from the analysis of 26s rDNA combined with the five markers from Anderberg et al. (2002; atpB, ndhF, rbcL, atp1, matR) for 63 taxa; amount of missing data is 7.4%. Fig. 3 Patterns of floral evolution reconstructed on the family-level topology resulting from the Bayesian analysis of the combined 11-marker data set. Dimorphic character states are indicated with a shaded square; unknown character states are indicated with the absence of a square. Major clades referred to in the text are numbered I-VII. A, Corolla structure: sympetalous, choripetalous. B, Androecium organization: onewhorled, two-whorled. C, Integument number: one, two. D, Endosperm formation: cellular, nuclear.
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Discussion
Comparison with Earlier Molecular Analyses
Our results are congruent with well-supported interfamilial relationships found in earlier studies but provide statistical support for some of the deeper nodes in the ericalean phylogeny. These newly found relationships include (1) a clade comprising all families except Balsaminaceae, Tetrameristaceae, Marcgraviaceae, Fouquieriaceae, Polemoniaceae, and Lecythidaceae; (2) a clade with Sapotaceae, Ebenaceae, and the primuloid families; (3) a clade with Symplocaceae, Styracaceae, and Diapensiaceae; and (4) a clade comprising the latter three families plus Theaceae, Roridulaceae, Actinidiaceae, Sarraceniaceae, Clethraceae, Cyrillaceae, and Ericaceae. In Despite their remarkable disjunct distributions, the two genera of Tetrameristaceae, Pentamerista (Venezuela) and Tetramerista (Malaysia), had been recognized as closely related on the basis of morphology Bremer et al. 2002) . Our analyses, which are the first to include sequence data of Pentamerista, fully support the sister relationship of the two genera (PP ¼ 1:0, BS ¼ 100). The second clade at the base of the Ericales comprises three lineages: Polemoniaceae þ Fouquieriaceae (clade II), Lecythidaceae, and clade VII (PP ¼ 1:0, unresolved in parsimony analysis). Previous studies by Geuten et al. 2004 ) and is strongly supported by these analyses (PP ¼ 1:0, BS ¼ 100).
Clade VII is strongly supported by Bayesian inference of phylogeny (PP ¼ 1:0; fig. 1 ) but is not present in the strict consensus tree of the parsimony analysis and has not been found in any earlier study. At the base of clade VII is a trichotomy comprising Pentaphylacaceae, clade III, and clade VI ( fig. 1A) . Bayesian inference strongly supports clade III, comprising Sapotaceae as sister to a clade with Ebenaceae (including Lissocarpaceae) and the four primuloid families (both nodes PP ¼ 1:0). Parsimony analysis supports the sistergroup relationship of Ebenaceae and the primuloids (BS ¼ 90) but fails to resolve the position of Sapotaceae. In , the relationships of the primuloids and of Ebenaceae remain unresolved, and Sapotaceae are sister to Lecythidaceae, but with weak support (JK ¼ 60). Sapotaceae appear as sister to the primuloids (JK ¼ 55), and Ebenaceae are resolved as sister to Lecythidaceae, although with low statistical support (JK < 50) (Bremer et al. 2002) . Relationships among the four primuloid families, with Theophrastaceae sister to a clade with Primulaceae and Myrsinaceae and Maesaceae sister to the latter three families, have been repeatedly confirmed on the basis of molecular data (Anderberg et al. 1998 Käl-lersjö et al. 2000; Bremer et al. 2002) , as they are in this study (for both nodes, PP ¼ 1:0, BS ¼ 100). Geuten et al. (2004) found Maesaceae (the only taxon of the primuloids in their analyses) to be strongly supported as sister to Pentaphylacaceae (represented by Sladenia). Further, Ebenaceae are sister to a clade with Polemoniaceae and Fouquieriaceae in their maximum likelihood topology but sister to the clade with Pentaphylacaceae and Maesaceae in their Bayesian tree. Sapotaceae were not part of the study by Geuten et al. (2004) . It seems at least doubtful whether such a limited taxon sampling as used by Geuten et al. (2004) allows for unequivocal conclusions concerning the relationships in this clade.
Clade VI, the third group in clade VII, is resolved in the Bayesian topology (PP ¼ 1:0) but not present in the parsimony strict consensus tree ( fig. 1 ). The base of this clade is a trichotomy with Theaceae and clades IV and V, both of which are individually strongly supported by Bayesian inference (PP ¼ 1:0) as well as parsimony analysis (BS ¼ 100). Clade IV, comprising Symplocaceae as sister to Styracaceae and Diapensiaceae, was previously found by Bremer et al. (2002) , albeit with low support (JK ¼ 50). The sister-group relationship of Styracaceae and Diapensiaceae (PP ¼ 1:0, BS ¼ 98) had moderate (JK ¼ 82; Bremer et al. 2002) to strong (JK ¼ 94; support in earlier studies. Clade V is the ericoid group (PP ¼ 1:0, BS ¼ 100) that was also identified in the studies by JK ¼ 91) and Bremer et al. (2002; JK ¼ 90 and Bremer et al. (2002) . Theaceae are not resolved with respect to clades IV and V in our analysis. The strict consensus tree in Bremer et al. (2002) shows Theaceae as sister to Symplocaceae, Styracaceae, and Diapensiaceae, but with low support (JK ¼ 52). In the study by Geuten et al. (2004) , Theaceae form a clade with Symplocaceae (PP ¼ 1:0), which conflicts with our results. Again, taxon sampling, which for clade IV and Theaceae is restricted to a single terminal per family in Geuten et al. (2004) , might be a problematic issue. It has been suggested that using few terminals can lead to spurious conclusions, i.e., groupings unlikely to be recovered with denser sampling (Rydin and Kä llersjö 2002) .
Analytical Methods and Structure of Data
The current debate concerning the validity of Bayesian support values is far from settled, and it is clear that the exact relationships between bootstrap values and posterior probabilities are complex (Suzuki et al. 2002; Cummings et al. 2003; Erixon et al. 2003) and not well understood. There are, however, two general conclusions that seem to emerge from various studies. (1) Posterior probabilities and the bootstrap frequencies behave in parallel, given sufficient data, an appropriate model of sequence evolution, and appropriate search strategies; the bootstrap values underestimate and the posterior probabilities overestimate the likelihood that any given node reflects a phylogenetic event (Suzuki et al. 2002; Cummings et al. 2003; Erixon et al. 2003) . This observation is supported by empirical studies (Douady et al. 2003; Eriksson et al. 2003; Olson et al. 2003; Simmons et al. 2004) in which posterior probabilities are generally higher than bootstrap values for any given node. (2) Posterior probabilities can be higher than expected because of the selection of a model of sequence evolution that is too simple or underparameterized (Suzuki et al. 2002; Erixon et al. 2003) . Despite these concerns pertaining to the explanatory power of posterior probabilities, we base the discussion of our results on the phylogenetic trees from the Bayesian analyses. One reason for this decision is that Bayesian analyses permit the incorporation of more realistic models of nucleotide substitution than parsimony analyses. In addition, the topologies of the Bayesian and the parsimony analyses are identical except for four nodes that are lacking in the strict consensus parsimony tree. The Bayesian phylogeny therefore provides a more resolved phylogenetic hypothesis for the Ericales. Finally, our approach is conservative in that the discussion is based on a ''fully'' supported Bayesian topology, where only clades with PP ¼ 1:0 are considered.
A comparison of the Bayesian topologies based on our ''complete'' data set of Ericales ( fig. 2A ) with those based on two partial data sets ( fig. 2B, 2C ) provides three conclusions.
(1) The addition of more data in the form of added markers improves resolution and increases the number of strongly supported clades. (2) A relatively large proportion of missing data (24.4%) does not seem to affect the topology in any unexpected way. (3) An increase in the number of taxa sampled results in better resolution and a higher number of strongly supported clades, but the increase in resolution and support is not as high as markers are added. On the basis of these three conclusions, we predict that the phylogeny of the Ericales, including its deeper nodes, eventually can be fully resolved with the help of additional markers.
Analysis of the mitochondrial atp1 data set resulted in two topological anomalies, with Ternstroemia placed within Ericaceae and Bruinsmia as sister to Cyrilla. Amplification of atp1 was done with the same total DNA extractions that were used for the amplification of other mitochondrial, chloroplast, and nuclear markers-all of which yielded the expected result of grouping Ternstroemia with other Pentaphylacaceae and Bruinsmia with other Styracaceae. Contamination of DNA samples is therefore unlikely. Processes such as horizontal gene transfer (Syvanen 1994 ) and lineage sorting (Pamilo and Nei 1988) can significantly alter the individual evolutionary histories of each genome (Barkman et al. 2000) . Horizontal gene transfer has recently been shown to occur rather frequently, even between distantly related flowering plants (Bergthorsson et al. 2003) . Four well-supported examples of horizontal gene transfer come from the mitochondrial genome, and one involves an atp1 duplicate that has been found in Amborella (Barkman et al. 2000) and is interpreted to have been transferred from eudicots (Bergthorsson et al. 2003) . Horizontal gene transfer could also be responsible for the anomalous positions of Ternstroemia and Bruinsmia in our atp1 topology. We analyzed our combined data sets also without the atp1 sequences of Ternstroemia and Bruinsmia and found the resulting topologies to be identical to the ones resulting from the complete data set. Thus, the anomalous phylogenetic signals from the two atp1 sequences are overruled by the remainder of the data and have therefore no effect on the results presented here.
Morphological Evolution
Possible morphological synapomorphies and/or symplesiomorphies for various well-supported clades have already been outlined by . Therefore, we will restrict our discussion of morphological features to clades that had previously not been recognized (clades III, IV, VI, and VII). In addition, we trace the evolution of four characters of particular interest with respect to floral evolution in the Ericales.
Clade III. Clade III includes Sapotaceae, Ebenaceae, and the four primuloid families, Maesaceae, Theophrastaceae, Primulaceae, and Myrsinaceae. The four latter families are characterized by obhaplostemonous flowers (i.e., fertile stamens are opposite the petals), free central placentation, bitegmic ovules, and nuclear endosperm formation (see also Källersjö et al. 2000; . The flowers of most Ebenaceae are basically diplostemonous. In the few species with haplostemonous flowers, the fertile stamens are opposite the sepals. Sapotaceae generally have only one whorl of fertile stamens, positioned opposite the petals as in the primuloid families, and a whorl of staminodes that alternate with the fertile stamens. A whorl of staminodes is also present in 280 various primuloid groups. Free central placentation is clearly a synapomorphy of the four primuloid families and is absent from Ebenaceae and Sapotaceae. Ebenaceae have apical-axile and Sapotaceae have axile or basal-axile placentation. Like the primuloid families, Ebenaceae have bitegmic ovules, whereas Sapotaceae are generally reported to be unitegmic. Endosperm formation is nuclear in Sapotaceae and has been variously reported to be nuclear or cellular in Ebenaceae (Davis 1966; Yamazaki 1972; Cronquist 1981; Johri et al. 1992) . At least for Diospyros kaki, initial nuclear endosperm formation has been reported (Fukui et al. 1991) .
Clade IV. This group includes Symplocaceae, Styracaceae, and Diapensiaceae. In earlier classification systems, Symplocaceae and Styracaceae were usually thought to be closely related to Ebenaceae and Sapotaceae (Ebenales; Cronquist 1981), and a particularly close affinity of Symplocaceae and Styracaceae had been postulated by various authors (Gü rke 1897; Cronquist 1981; Takhtajan 1997). However, before molecular phylogenetic analyses, Diapensiaceae have been regarded as an isolated family with affinities to Ericaceae. No one had suggested a close relationship of Symplocaceae and Styracaceae with Diapensiaceae. The three families share the combination of sympetaly, unitegmic ovules, and cellular endosperm formation ( fig. 3) .
Clade VI. Clade VI includes three lineages (Theaceae and clades IV and V), but relationships among them are not resolved. All families in clade VI, except for Theaceae, are characterized by unitegmic ovules and cellular endosperm. Both of these characters are otherwise rare in the Ericales and do not occur in combination elsewhere in the order ( fig.  3C, 3D) .
Clade VII. This clade has not been recognized before and includes all families in the order except for those in clades I and II and the Lecythidaceae ( fig. 1) . A possible synapomorphy for this clade is a two-whorled androecium organization, which is present in most families but subsequently lost in some ( fig. 3B) .
On tracing patterns of structural evolution. We maintain that there are four prerequisites to successfully analyze patterns of structural evolution.
(1) Character evolution should be initially evaluated by tracing patterns of structural evolution on a phylogeny independent of the characters of interest Sytsma 1997a, 1997b; Patterson and Givnish 2002) . Whether similar patterns are found with phylogenies, including the characters of interest, is largely dependent on the nature and scope of character convergence or reversals. (2) The phylogeny must be more or less resolved, and the topology must be robust. It is preferable to maintain areas without resolution (and allow for multiple resolutions) rather than select only one of many possible topologies for analysis (as is often done). (3) The phylogeny should contain all of its major lineages. Character reconstructions become increasingly more misleading as taxa sampling declines. (4) The characters being traced must be known in as much detail as possible. This point is especially important for higher-level studies in which characters such as embryological or biochemical features, which have only been studied in one or few species of any given family, may well be polymorphic.
Obviously, these prerequisites are not always met. This analysis of Ericales largely fulfills the first three prerequisites, while prerequisite 4 is more difficult to fulfill. Even ''important'' characters, such as the number of integuments or petal fusion, have been studied in only a few species and often not in sufficient depth. We therefore are fully aware that the character histories we outline below are hypotheses that most likely will be adjusted as structural characters are examined in more detail and across more taxa. We discuss four floral characters because they have been used previously to define clades within Ericales and have been considered to be important at the level of Ericales and other asterids.
Corolla structure. Asterids are still commonly associated with sympetalous corollas. However, in their more recent and broader circumscriptions, sympetaly is clearly not a synapomorphy for the group, as there are various choripetalous taxa in all four major asterid lineages. In addition, there are also sporadic occurrences of sympetaly outside the asterids (some Achariaceae in Malphigiales, male flowers of Caricaceae in Brassicales, some Crassulaceae in Saxifragales, Cucurbitaceae in Cucurbitales, and Plumbaginaceae in Caryophyllales). Whether sympetaly is plesiomorphic in the asterids is currently not clear Endress 1997) .
Both choripetalous and sympetalous species are present in some cornalean families (Cornaceae, Loasaceae; Hufford 1992). In Ericales, not only do we find both choripetalous and sympetalous families, but many families or even genera are not monomorphic for this character. In clade I, Tetrameristaceae have choripetalous flowers (Cronquist 1981) , whereas Marcgraviaceae can have petals distinct, partially fused, or completely fused (Ward and Price 2002) . The flowers of Balsaminaceae are zygomorphic, and either the petals are distinct (Hydrocera) or the median petal is free, with the four remaining petals fused into lateral pairs (Impatiens; Grey-Wilson 1980a , 1980b . We scored Balsaminaceae as choripetalous because this partial corolla fusion seems quite different from the corolla tube formation that is generally associated with sympetaly. Lecythidaceae are either apetalous or the petals are distinct (Mori and Prance 1990; Appel 1996; Morton et al. 1997; but Frame and Durou 2001) . Sympetaly defines clades II, III, and IV and Ericaceae, but sporadic occurrences of choripetaly have been reported at least for Myrsinaceae (part of Embelia; Walker 1940) and some Ericaceae (Bejaria; Kron and Chase 1993) . These must be interpreted as reversals (Endress 1997) . Choripetaly is apparently predominant in the clade formed by Sarraceniaceae, Roridulaceae, and Actinidiaceae. The first two families are generally considered as having distinct petals, whereas in Actinidiaceae both choripetalous and sympetalous flowers occur (Dickison 1972) . Anderberg and Zhang (2002) transferred the sympetalous genus Purdiaea from Cyrillaceae to Clethraceae, leaving only the choripetalous genera Cyrilla and Cliftonia in the former family. In Clethraceae (i.e., in Clethra), both sympetalous and choripetalous flowers occur (Anderberg and Zhang 2002) . The petals of the two remaining families, Theaceae and Pentaphylacaceae, are usually referred to as distinct or basally connate (Keng 1962; Cronquist 1981) .
When the character states of corolla structure are mapped onto the molecular phylogeny ( fig. 3A) , it becomes apparent that sympetaly/choripetaly is homoplasious in the Ericales. The ancestral state for the order might be choripetaly, but this actually depends on how we score the outgroup, i.e., the 281 euasterids (scored as dimorphic; fig. 3A ). If euasterids are scored as sympetalous, the basalmost branches in the Ericales become equivocal concerning this character. However, because many of the early-diverging groups in the otherwise predominantly sympetalous euasterids I and II, such as Icacinaceae (ordinally unplaced in euasterids I) and Cardiopteridaceae, Stemonuraceae (sensu Kårehed 2001), Aquifoliaceae (Aquifoliales in euasterids II), are not homogenous for this character, it is not clear whether sympetaly is actually plesiomorphic for the euasterids as a whole. If Cornales are scored as choripetalous, the basalmost node of Ericales is resolved as choripetalous, irrespective of whether euasterids are scored as symor choripetalous. In either case, sympetaly is the plesiomorphic character state for clade VII. Thus, the various occurrences of choripetaly, especially in clade VI, must be seen as reversals.
It appears that sympetaly is not genetically deeply rooted at this level of the asterids and that it can easily be lost and reappear (Endress 1997) . Comparative studies of floral development in families where sympetaly is only weakly expressed and difficult to observe in mature flowers might eventually lead to better understanding of corolla evolution in the Ericales and in the asterids as a whole. Also, it would be interesting to know whether developmental patterns such as ''early sympetaly'' and ''late sympetaly,'' as described in Erbar (1991) and Erbar and Leins (1996) for many euasterids families, can be discerned among different sympetalous groups in the Ericales.
Androecium organization. Stamen number and arrangement are important systematic characters within the Ericales. Here we distinguish between one-and two-whorled stamen arrangements. Both of these patterns can have few or numerous fertile stamens in each whorl, or one of the whorls can be represented only by staminodes, as in Theophrastaceae and some Diapensiaceae. ''Haplostemony'' and ''diplostemony'' are more narrowly defined terms, describing flowers with one or two whorls of stamens, respectively, each of which has as many stamens as petals.
In clade I, Balsaminaceae and Tetrameristaceae have haplostemonous flowers, with stamens alternating with the petals. Stamen number in Marcgraviaceae varies from haplostemony to many (Gilg and Werdermann 1925; de Roon 1970; de Roon and Dressler 1997; Dressler 2004) . Using mature flowers, Gilg and Werdermann (1925) described polyandrous taxa as having the stamens arranged in a single whorl. Dressler (2004) and Endress (2003) also mention two-whorled patterns. Floral development has not yet been studied in Marcgraviaceae. For the time being, we score Marcgraviaceae as dimorphic.
In clade II, Polemoniaceae are haplostemonous throughout. In Fouquieriaceae, the flowers have 10-23 stamens that are arranged in a single whorl in mature flowers (Henrickson 1972) . Ongoing studies of floral development confirm the initiation of the stamens in a single whorl (J. Schö nenberger, personal observation). Lecythidaceae are characterized by complex androecia with high stamen numbers (up to 1200 in Gustavia), and the stamens develop centrifugally on a ring primordium (Endress 1994) . On the basis of a study of floral development and anatomy, Leins (1972) interpreted the polyandrous androecium of the hexamerous flowers of Couroupita guianensis as derived from a single whorl of six stamens alternating with the petals, indicating a basically one-whorled organization of the androecium in Lecythidaceae.
In clade III, Sapotaceae exhibit two whorls of stamens. Hartog (1878) described the flowers of Sapotaceae as diplostemonous or obhaplostemonous. In some species, only the whorl opposite the petals is fertile, while the other whorl is staminodial (Engler 1897). Recently, floral development has been studied in the genus Synsepalum, in which two whorls of stamens are initiated (Caris et al. 2001) . Similarly, flowers of Ebenaceae are generally reported to be diplostemonous (Gü rke 1897; Cronquist 1981) , and a developmental study in the family (Diospyros kaki) has confirmed this (Caris et al. 2001) . Primuloids have only one whorl of fertile stamens, and they are positioned opposite the petals; i.e., the flowers are obhaplostemonous. Obhaplostemony is generally thought to be derived from diplostemony through the loss of the outer, episepalous stamen whorl. Many obhaplostemonous taxa do indeed have traces (e.g., in the form of staminodes) of this lost stamen whorl (Ronse Decraene and Smets 1987) . In the primuloids, staminodes are present in many Theophrastaceae, in some Myrsinaceae, and in some Primulaceae (Sattler 1962; Anderberg and Ståhl 1995; Caris and Smets 2004) . Maesaceae have obhaplostemonous flowers but apparently lack staminodes (Caris et al. 2000) . The staminodes of Samolus (now in Theophrastaceae) have been interpreted as ''a reminder of ancestral diplostemony'' (Ronse Decraene and Smets 1995, p. 213) . A two-whorled, diplostemonous pattern therefore seems to be the basic condition for the families in clade III.
In Pentaphylacaceae, the number of stamens ranges from five to many, and stamens are reported to be arranged in one or two whorls (Keng 1962) . The only study of floral development in the family is Payer's (1857) description of Visnea as having three whorls of stamens. However, Corner (1946) reinterpreted the androecium of Visnea as consisting of two whorls, one of which has stamen pairs. Stamen pairs are frequently present in diplostemonous flowers (Ronse Decraene and Smets 1996) . We have scored Pentaphylacaceae as dimorphic, but there is clearly a need for further study of floral development in this group.
Theaceae have many (generally >40) stamens. Early floral development has been studied in several genera, and developmental patterns of the androecium show a broad range of variation. In the flowers of Stewartia, five stamen fascicles are arranged in epipetalous position (Erbar 1989) . Tsou (1998) distinguished two major patterns of androecium development in the family: (1) stamen primordia are arranged on a ring primordium in Camellia, Polyspora, and Pyrenaria, and (2) stamen primordia emerge from five separate fascicle primordia in Hartia and Stewartia. When these patterns are derived from a one-or two-whorled floral organization is currently not clear.
In clade IV, Symplocaceae are described as basically haplostemonous (Caris et al. 2002) , with stamen fascicles alternating with the petals. However, Caris et al. (2002) only studied one species of Symplocos subg. Hopea, a group with stamens arranged in five fascicles. In contrast, species of subg. Symplocos have their stamens arranged in whorls (Brand 1907; Nooteboom 1975 Nooteboom , 2004 , and it seems likely that diplostemonous flowers are present as well. Most species in Styracaceae have twice as many stamens as petals, but higher 282 numbers are also present. On the basis of vascular anatomy, Dickison (1993) interpreted the flowers of Styracaceae to be of diplostemonous origin, although the stamens appear to be inserted in a single whorl in mature flowers. A study of floral development of Styrax japonica clearly confirmed a diplostemonous pattern (Caris et al. 2001, abstract) . Diapensiaceae have one whorl of fertile stamens alternating with the petals, but most species have an additional whorl of staminodes (Rö nblom and Anderberg 2002). Diapensiaceae thus are interpreted as being basically diplostemonous (Palser 1963) .
In clade V, most families exhibit diplostemonous flowers. The number of stamens in Sarraceniaceae ranges from 10 to many (Macfarlane 1908; DeBuhr 1975) . Shreve (1906) described the polyandrous androecium of Sarracenia purpurea as developing from 10 separate primary primordia, indicating a diplostemonous floral ground plan. Roridulaceae is distinct in clade V in possessing haplostemonous flowers with the stamens alternating with the petals (Dahlgren and van Wyk 1988) . In Actinidiaceae, the sister group of Roridulaceae, the androecium structure is diverse, and stamen numbers range from 10 to many. Often stamens are arranged in fascicles opposite to the petals (Cronquist 1981; Takhtajan 1997) . Van Heel (1987) described the stamens of Actinidia melandra as arranged in single whorl. Brown (1935) interpreted the flowers of Saurauia as diplostemonous (see also Dickison 1972) . In addition, apparently diplostemonous flowers of Actinidiaceae have been described from the Late Cretaceous (Parasaurauia; Keller et al. 1996) . We have scored Actinidiaceae as dimorphic. The remaining families of clade V (Ericaceae, Cyrillaceae, and Clethraceae) are predominantly characterized by flowers with two stamen whorls (Cronquist 1981; Kubitzki 2004; Schneider and Bayer 2004; Stevens et al. 2004) .
Most euasterids, including the early-diverging lineages of both euasterids I and II (sensu Bremer et al. 2002; APG II 2003) , such as Oncothecaceae, Icacinaceae, and Garryaceae (euasterids I) and Cardiopteridaceae and most Aquifoliaceae, Hellwingiaceae, and Phyllonomaceae (euasterids II), have haplostemonous flowers. This indicates that haplostemony is plesiomorphic for the euasterids. The flowers of most families among early-diverging Ericales have a one-whorled androecium, whereas most taxa within clade VII either are diplostemonous (Ericaceae, Styracaceae) or derive their androecia from a two-whorled organization (e.g., the obhaplostemonous flowers of the primuloid families). Using the haplostemonous euasterids to root the Ericales indicates that a haplostemony is plesiomorphic in the Ericales (fig. 3B ). This indicates, importantly, that diplostemony or diplostemony-derived arrangement patterns have arisen within Ericales from a haplostemonous floral ground plan, a scenario that is at odds with the general belief that haplostemony cannot be reversed (for discussion, see Ronse Decraene and Smets 1995) . The alternative, but considerably less parsimonious, scenario would be to have a single origin of diplostemony in this larger group of asterids, with multiple and independent shifts to haplostemony in Cornales, euasterids, and several early diverging lineages of Ericales. The idea that haplostemony cannot be reversed is probably true in groups with deeply rooted sympetaly, such as the Lamiales or Asterales. Stamens and/or stamens and petals in these asterids are synorganized in sympetalous flowers, leaving no leeway for a secondary increase in stamen number. Therefore, polyandry is absent in groups where sympetaly is well established (Endress 1997) . However, sympetaly seems not to be deeply rooted or is even absent in some groups of Ericales. It therefore seems plausible that a diplostemonous floral ground plan could have evolved from a haplostemonous ancestor in the Ericales. On a more general level, the possible evolution of diplostemony from haplostemony had already been proposed by Dahlgren (1983) . A diplostemonous floral ground plan is likely symplesiomorphic for clade VII, and diplostemony may have evolved along the branch to this clade ( fig. 3B) . The evolution of a diplostemonous floral organization in the Ericales also indicates that the occurrences of diplostemony are not strictly homologous across angiosperms.
Integument number. Unitegmic ovules characterize almost all members of Cornales and euasterids, and this character state is likely to be plesiomorphic in the asterids (Albach et al. 2001b ). In Ericales, however, unitegmic and bitegmic ovules occur about equally often in reconstructions at the ordinal level ( fig. 3C ). Most families appear to be uniform for one of the two character states. The only known exceptions are Sarraceniaceae and Styracaceae. Sarraceniaceae generally are reported to have unitegmic or bitegmic ovules (Cronquist 1981; Judd et al. 2002; Kubitzki 2004) . These reports, although not clearly documented, probably go back to DeBuhr (1975) . He mentions both uni-and bitegmic ovules in Sarraceniaceae, but without giving any details. Shreve (1906) clearly documents S. purpurea to be unitegmic, and both Davis (1966) and Johri et al. (1992) indicate that Sarraceniaceae have unitegmic ovules. For the time being, we therefore scored Sarraceniaceae as unitegmic. Both uni-and bitegmic ovules are present in Styracaceae (Fritsch 2004) . Bitegmic ovules are found in Styrax, whereas all other genera appear to be unitegmic (Dickison 1993) . In spite of the predominance of unitegmic ovules in the family, Dickison (1993) argued that Styracaceae is a family that shows the evolutionary transition from bitegmic to unitegmic ovules. On the basis of our molecular phylogeny, where Styracaceae are part of a clade with otherwise unitegmic taxa, together with Diapensiaceae and Symplocaceae (clade III), it appears more likely that unitegmic ovules are in fact plesiomorphic at this level (Albach et al. 2001b) and that the transition is therefore likely from unitegmic to bitegmic in the family.
Mapping the number of integuments on the topology based on our combined analysis ( fig. 3C) indicates that, in contrast to most other asterids, including the Cornales, bitegmic ovules are plesiomorphic in the Ericales. Accordingly, unitegmic ovules have reevolved at least three, maybe four, times in the order. Lineages in which unitegmic ovules evolved include clades IV and V, Sapotaceae, and Polemoniaceae ( fig. 3C ). Whether the unitegmic ovules present in members of clades IV and V evolved separately or in a common ancestor of the two clades cannot be decided on the basis of our current understanding of the group's phylogeny. Sapotaceae are generally described with unitegmic ovules (Corner 1976; Cronquist 1981; Pennington 1991; Judd et al. 2002) . Detailed anatomical studies have shown this for Manilkara zapota (Zavaleta-Mancera and Engleman 1994) and Mimusops elengi (Bhatnagar and Gupta 1970) . However, because Sapotaceae are embedded among bitegmic families in our phylogeny and because Engler (1897) in his treatment of the 283 family describes Sapotaceae as having bitegmic ovules, a closer look at ovule structure in this family is warranted. A closer examination of Polemoniaceae is also needed. The family is generally reported to possess unitegmic ovules (Davis 1966; Cronquist 1981) , but an early study indicated it to be bitegmic (Schnarf 1931) . These two families, like Styracaceae, may not be monomorphic with respect to number of integuments.
Endosperm formation. An asterid-wide study by Albach et al. (2001b) indicated that the ancestral state for endosperm formation in asterids is the cellular type, where the division of the primary endosperm nucleus is followed by wall formation. Nuclear endosperm formation, where the division of the primary endosperm nucleus is followed by free nuclear divisions (Johri et al. 1992) , is thought to have arisen multiple times in the asterids (Albach et al. 2001b) . Cellular endosperm formation in Ericales is present in clades I and II and apparently throughout clades IV and V ( fig. 3D ). In clade I, Marcgraviaceae and Balsaminaceae both have cellular endosperm. The embryology of Tetrameristaceae has not yet been studied, and the type of their endosperm formation is unknown. In clade II, Fouquieriaceae has cellular endosperm, whereas the endosperm of Polemoniaceae is nuclear. Under the assumption that cellular endosperm formation is plesiomorphic for most other major groups in the asterids, and in particular also in the euasterids, it appears that a cellular endosperm is also the plesiomorphic condition in Ericales ( fig.  3D ). Thus, it is likely that nuclear endosperm formation has arisen only once in the Ericales along the branch, giving rise to the clade comprising Lecythidaceae and clades II and VII. In this scenario, the cellular endosperm of Fouquieriaceae would be a reversal. The presence of cellular endosperm in clades IV and V must be seen as a reversal. Whether cellular endosperm has evolved separately in clade IV and V cannot be determined on the basis of our current understanding of the phylogeny.
Evolutionary History
A distinctive feature of the ericalean phylogeny are the relatively short branches among the deeper nodes ( fig. 4 , arrowheads), also detected by and Bremer et al. (2002) . hypothesized that these short branches might be the result of a rapid radiation, i.e., that several groups branched off more or less simultaneously from the ericalean ancestral complex. We expand on that idea and discuss indirect evidence supporting this hypothesis. Within the eudicots, ericalean fossils are among the oldest, going back to the Turonian (ca. 90 Ma) in the Late Cretaceous (Magalló n et al. 1999) . The fossil record of the Ericales is extensive, and several families are known from the Cretaceous (Magalló n et al. 1999; Schö nenberger and Friis 2001) . Flowers from Turonian sediments from New Jersey, assigned to Palaeoenkianthus sayrevillensis, are most likely related to Ericaceae (Nixon and Crepet 1993) . Actinidiaceae are represented by Parasaurauia allonensis from the early Campanian of Georgia (Keller et al. 1996) . Flowers and fruits with possible affinities to Diapensiaceae and assigned to the species Actinocalyx bohrii have been recovered from sediments in southern Sweden and are dated to the Santonian-Campanian (Friis 1985) . From the same Swedish localities, flowers resembling those of extant Pentaphylacaceae have recently been described (Paradinandra suecica; Schö nenberger and Friis 2001). In addition, numerous Late Cretaceous fossils with affinities to the Ericales (but unnamed or not well circumscribed) are known from various localities around the world: North America (Crepet 1996; Herendeen et al. 1999) , Europe (Friis 1984; Knobloch and Mai 1986) , and Asia (Takahashi et al. 1999) .
As an alternative to direct fossil evidence, Bremer et al. (2004) used divergence in DNA sequence data to estimate the age of various asterid lineages. The age estimates given in Bremer et al. (2004) indicate that the crown node of the Ericales originated in the Early Cretaceous around 114 Ma, which is well in accordance with the minimum age set by the fossil record of the order. The presence of Ericaceae, Actinidiaceae, Diapensiaceae, and Pentaphylacaceae in the Late Cretaceous (90-80 Ma) indicates that there was indeed only a relatively short time span of ca. 20 Myr in the early to Fig. 4 Phylogram representation of one of the 55 most parsimonious trees from the maximum parsimony analysis of the combined 11-marker data set with 63 terminal taxa. Branch lengths are proportional to the number of base changes along each branch. Arrowheads and associated values (¼base changes) indicate particularly short branches, i.e., branches with a low number of base changes, separating most of the deeper nodes from each other in the ericalean phylogeny.
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INTERNATIONAL JOURNAL OF PLANT SCIENCES mid-Cretaceous during which the main lineages could have evolved. This time span was likely considerably shorter, as Ericaceae, Actinidiaceae, and Diapensiaceae are each embedded in larger clades, indicating an even older age for the nodes giving rise to these clades and accordingly a narrower time frame for their cladogenesis, resulting in the short branches found in molecular studies.
Conclusion
At the analytical level, our results indicate that more data in the form of additional markers do improve resolution and branch support and should eventually lead to a fully resolved ericalean phylogeny. At the systematic level, these analyses present strong hypotheses for some of the deeper nodes in the ericalean phylogeny. Strongly supported groups, previously unrecognized or only weakly supported, include (1) clade VII, comprising all families except Balsaminaceae, Tetrameristaceae, Marcgraviaceae, Fouquieriaceae, Polemoniaceae, and Lecythidaceae; (2) clade III, with Sapotaceae, Ebenaceae, and the primuloid families; (3) clade IV, with Symplocaceae, Styracaceae, and Diapensiaceae; and (4) clade VI, comprising the latter three families plus Theaceae, Roridulaceae, Actinidiaceae, Sarraceniaceae, Clethraceae, Cyrillaceae, and Ericaceae. At the level of morphological evolution, we show that sympetaly, although characteristic for some of the clades, generally is a homoplasious in the Ericales. The diplostemonous floral ground plan likely arose from haplostemonous flowers along the branch, leading to clade VII. The combination of ovules with a single integument and cellular endosperm formation is characteristic for two of the major clades in Ericales. Our study also indicates the necessity of studying these morphological characters both in more structural detail and across a broader taxon sampling in order to expand, to verify, and where necessary, to correct our present knowledge on the structural evolution of the Ericales.
